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Abstract

A search for flavor-changing neutral currents in top-quark decays t → Zq is per-
formed in events produced from the decay chain tt → Zq + Wb, where both vec-
tor bosons decay leptonically, producing a final state with three leptons (electrons or
muons). A dataset collected with the CMS detector at the LHC is used, corresponding
to an integrated luminosity of 19.7 fb−1 of proton-proton collisions at a center-of-mass
energy of 8 TeV. No excess is seen in the observed number of events relative to the
standard model prediction; thus no evidence for flavor-changing neutral currents in
top-quark decays is found. A combination with a previous search at 7 TeV excludes a
t→ Zq branching fraction greater than 0.05% at the 95% confidence level.
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The heaviest known elementary particle, the top quark, decays to a bottom quark and a W
boson, t → Wb, with a branching fraction of nearly 100% [1]. The corresponding decay to a
Z boson and a light up-type quark (u or c), t → Zq, is highly suppressed by the GIM mecha-
nism [2]. In the standard model (SM), this flavor-changing neutral current (FCNC) decay occurs
only at the level of quantum loop corrections, and the predicted branching fraction B(t→ Zq)
is O(10−14) [3]. The detection of t → Zq decays at a higher-than-expected rate would thus
be clear evidence for physics beyond the SM. Some extensions of SM predict enhancements of
the branching fraction that could be as large as O(10−4) [4, 5] . These values, which cannot be
excluded by indirect constraints from meson physics [6], are within the reach of experiments at
the Large Hadron Collider (LHC).

In a previous search with the Compact Muon Solenoid (CMS) experiment, we reported results
from a search for this decay using 5.0 fb−1 of proton-proton collisions at a center-of-mass energy
of 7 TeV, resulting in a 95% confidence level (CL) upper limit on B(t→ Zq) of 0.21% [7]. A limit
of 0.73% [8] on the branching fraction has also been reported by the ATLAS experiment from
an analysis of 2.1 fb−1 of 7 TeV data. The analysis described in this letter uses a data sample
corresponding to an integrated luminosity of 19.7 fb−1 of pp collisions at

√
s = 8 TeV. With the

larger integrated luminosity, and the increased tt production cross section at the higher energy,
the current analysis represents a significant improvement in the sensitivity of the search for
FCNC processes.

The central feature of the CMS apparatus is a superconducting solenoid, which provides an
axial magnetic field of 3.8 T. Within the field volume there are a silicon pixel and strip tracker, a
lead tungstate crystal electromagnetic calorimeter, and a brass/scintillator hadron calorimeter.
Charged-particle trajectories are measured by the tracker, covering 0 ≤ φ ≤ 2π in azimuth and
|η| < 2.5 in pseudorapidity, where η is defined as − ln[tan(θ/2)] and θ is the polar angle of the
trajectory of the particle with respect to the counterclockwise proton beam direction. Muons
are identified and measured in gas-ionization detectors embedded in the steel flux return yoke
outside the solenoid. A more detailed description of the CMS detector can be found in Ref. [9].

Monte Carlo (MC) samples of Drell–Yan events, SM tt, Ztt, Wtt, tbZ, and diboson (WW, WZ,
and ZZ) events are simulated using MADGRAPH [10], while single-top-quark events are gener-
ated using POWHEG [11–13]. The signal sample pp→ tt→ Zq+Wb→ `+`−q+ `′±νb (`, `′ =
e, µ, τ) is generated with MADGRAPH. One of the top quarks of the pair is forced to decay as
t→ Zq, where q stands for a u or c quark with equal probability, while the other decays to Wb.
The ratio between the dimension-4 vector and the axial-vector couplings of the t → Zq FCNC
model is assumed to be SM-like [14]. In all cases, hadronization and showering are simulated
with PYTHIA 6 [15], while τ decays are simulated with TAUOLA [16]. The set of parton distri-
bution functions (PDFs) used is CTEQ6L [17]. The CMS detector response for all MC samples
is simulated using a GEANT4-based [18] model, and the events are reconstructed and analyzed
using the same software used to process collision data. The simulated events are weighted
so that the trigger efficiencies, reconstruction efficiencies, and the distribution of reconstructed
vertices observed in data are reproduced.

The search is performed by looking for tt events where one top quark decays into Zq and the
other decays into Wb with both vector bosons decaying leptonically, which provide a very
clear signature. The analysis follows closely the search performed at 7 TeV [7]. Several of the
event selection requirements have been re-optimized before the complete dataset was collected,
based on the expected signal and background yields at 8 TeV with B(t→ Zq) = 0.1%.

Events are required to pass at least one of the ee or µµ high transverse momenta (pT) dilep-
ton triggers. Events with two opposite-sign, same-flavor, isolated leptons (e or µ) having an
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invariant mass between 78 GeV and 102 GeV, consistent with a Z-boson decay, and one extra
charged lepton (e or µ) are selected. When there is more than one lepton pair forming a Z
candidate, the pair with invariant mass closest to the nominal value is taken. All three leptons
must satisfy the following kinematic requirements: pT > 20 GeV and |η| < 2.5 for electrons
and |η| < 2.4 for muons. The lepton selection efficiencies (reconstruction, identification, and
isolation) mean values and their dependence with pT and |η| are consistent between the data
and the simulation [19, 20].

Multiple simultaneous interactions per bunch crossing (pileup) were observed in data. Events
are required to have at least one good primary vertex candidate. In events with more than
one candidate, the vertex with highest ΣpT

2 of its associated tracks is selected. The leptons
and all charged particle tracks that are associated with jets are required to be consistent with
originating from the primary vertex.

Since the leptons are expected to originate from the decays of W and Z bosons, they are required
to be isolated as defined in Ref. [21]. Events with a fourth isolated lepton are rejected. Neutrinos
from W-boson decays escape detection and produce a significant momentum imbalance in
the detector in the plane transverse to the beams. The missing transverse momentum (−Σ~pT)
and its magnitude (ET/ ) are reconstructed using the CMS particle-flow technique [22], and we
require the ET/ to be larger than 30 GeV. The W-boson candidates are constructed from the
momentum of the extra lepton and the missing transverse momentum (assumed to originate
from an undetected neutrino), by constraining the resulting invariant mass to be equal to the
W-boson mass [23].

The requirements described above, namely events with dilepton-triggers, a Z boson candidate,
an extra lepton, no fourth lepton, and the requirement of ET/ , will be referred to as the “basic
event selection”. The observed number of events after the basic event selection is 1424, domi-
nated by WZ and ZZ diboson production, in agreement with the MC expectation of 1455± 16
events, where the uncertainty quoted is only statistical.

Figure 1 shows the distributions for data and simulated events of the ET/ and transverse mass
(mT) of the W-boson candidate after the basic event selection. The transverse mass is calcu-
lated using the transverse momentum of the extra lepton (p`T), the ET/ , and the azimuthal angle
difference (∆φ) between the two, as mT =

√
2p`TET/ (1− cos(∆φ)).

To reduce the background from diboson events we require at least two jets, reconstructed also
using a particle-flow technique [22], each with pT > 30 GeV and |η| < 2.4. Exactly one of
these jets should be identified (tagged) as a b-quark jet. These requirements further reduce
the observed event yields from 1424 after the basic event selection to 29. The b-jet identifi-
cation is performed using the combined secondary vertex b-tagging algorithm described in
Ref. [24].This tagging method has an identification efficiency of 62% for b jets with transverse
momentum between 30 GeV and 100 GeV and a misidentification rate below 1.5%.

The invariant mass of the W boson and b-tagged jet, mWb, is required to be within 35 GeV of
the top-quark mass, which is set to 172.5 GeV in the simulation. A non-b jet is combined with
the Z candidate to form a second top-quark candidate. By examining all possible pairings, the
top-quark candidate which has the largest separation in azimuthal angle to the first top quark
is selected, and the reconstructed top-quark mass, mZj, is required to be within 25 GeV of the
assumed value of 172.5 GeV. The mass requirements are the same as in the 7 TeV analysis [7].
Figure 2 shows the comparison of the mZj and mWb distributions in data and simulation, while
Table 1 summarizes the signal efficiencies determined from simulated events.

According to simulations, the dominant backgrounds arise from diboson and tt+X production.
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Figure 1: Comparison between data and simulated events for an integrated luminosity of
19.7 fb−1, after the basic event selection, for the ET/ distribution (left), the reconstructed eν
transverse mass (middle) of the W-boson candidate, and the reconstructed µν transverse mass
(right) of the W-boson candidate. The data are represented by the points with error bars, and
the open histogram shows the expected signal assuming B(t → Zq) is equal to 0.1%. Stacked
solid histograms represent the dominant backgrounds, with statistical uncertainties on these
backgrounds at the few percent level (not shown).

Table 1: Signal selection efficiency, in percent, for each dilepton channels with respect to events
from all channels. The efficiency is calculated as the fraction of events with leptonically (e, µ, τ)
decaying W and Z bosons passing the selection. Only statistical uncertainties are shown.

Channel Efficiencies [%]
eee 0.49 ± 0.01
eeµ 0.52 ± 0.01
µµe 0.55 ± 0.01
µµµ 0.55 ± 0.01
All 2.12 ± 0.03

These processes can be categorized into three groups based on the number of b quarks present:
(a) diboson and Drell–Yan events with nearly no b quarks; (b) events from top-quark FCNC
decay with only one b quark; (c) tt, tbZ, ttW, and ttZ processes with at least two b quarks.
Events passing the basic event selection, with two jets to be paired with W and Z bosons are
divided into three samples: (a) events with no b-tagged jets; (b) events with exactly one b-
tagged jet; and (c) the rest of the events. The numbers of events in those three samples can be
related to the yields of the three groups based on the b-tagging efficiencies for b jets, c jets, or
light jets, which are measured using data. The numbers of events in the three groups are then
turned into an estimate of the corresponding yields via a linear 3× 3 system of equations to
be solved before the top-quark mass requirements. The corresponding acceptances of the mass
requirements are obtained from MC. The overall contribution from WZ plus ZZ and Drell–Yan
backgrounds is estimated to be 1.4 ± 0.1 (stat.) ± 0.3 (syst.) events. The expected yield from
ttW, ttZ, tbZ, and tt backgrounds is 1.7± 0.8 (stat.)± 0.4 (syst.) events. The uncertainty of the
b-tagging efficiency, measured in control data samples, and the uncertainty on the top-quark
mass requirement, estimated with MC simulation, contribute to the systematic uncertainty.
The estimated background yields are summarized in Table 2 and show a good agreement with
those obtained from MC simulation. The background estimations from data are used for the
final results.
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Figure 2: Comparison between data and simulated events of the mZj (left), mWb (middle), and
2D scatter (right) distributions after the event selection prior to the top-quark mass require-
ments, which are shown as the dotted vertical lines (left, middle) and box (right). The data,
corresponding to an integrated luminosity of 19.7 fb−1, are represented by the points with er-
ror bars and the open histogram is the expected signal assuming B(t → Zq) = 0.1%. The
stacked solid histograms represent the dominant backgrounds. The statistical uncertainties are
not drawn. The last bin in each of the left two plots contains all the overflow events.

Table 2: Expected number of signal t → Zq events, background composition, and observed
events corresponding to an integrated luminosity of 19.7 fb−1 for all dilepton channels; back-
ground estimates included. The uncertainties in the background estimation include the statis-
tical and systematic components shown separately, in that order.

Process Estimation from data MC prediction
t→ Zq (B = 0.1%) — 6.4± 0.1± 1.3
WZ

1.4± 0.1± 0.3
0.9± 0.1± 0.3

ZZ < 0.1
Drell–Yan < 0.1
tt

1.7± 0.8± 0.4

0.7+1.1
−0.4 ± 1.2

ttZ 1.1± 0.1± 0.8
ttW 0.1± 0.1± 0.1
tbZ 0.3± 0.1± 0.2
Total background 3.1± 0.8± 0.8 3.2± 1.2± 1.5
Observed events 1 —

To calculate the expected upper limits, the systematic uncertainties from the dilepton trigger
efficiency, lepton selection efficiency [19], pileup modeling [25], b-jet tagging efficiency [24], jet
energy scale and missing transverse energy resolution [26] are included, with the b-jet tagging
efficiency being the dominant one. Additionally, several sources of uncertainties in the signal
yield are evaluated: the choice of PDFs, generator parameters, and uncertainty in the tt cross
section. The major contributions come from the PDFs and the generator parameters of the sig-
nal MC simulation. The prescription given in Ref. [27] is used to determine the uncertainty
from the CTEQ66 PDF error sets [28]. The uncertainty from the generator parametrization
is evaluated using CMS fast simulation [29] samples with different top-quark mass assump-
tions (±2 GeV), different parton-jet matching thresholds (30 GeV and 60 GeV), and different
event renormalization and factorization scales (varied between 1/4 and 4× from their nominal
value). In addition, there is a 2.6% uncertainty on the luminosity measurement [30]. All these
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sources, summarized in Table 3, are combined in quadrature to give a 20% relative uncertainty
in the signal selection acceptance. The systematic uncertainties in the background estimation
are listed with the total background prediction given in Table 2.

Table 3: Summary of the systematic uncertainties for the signal selection acceptance. An addi-
tional 2.6% uncertainty is due to the luminosity measurement.

Source Uncertainty %
Renormalization/factorization scales 12
Parton distribution functions 7
tt cross section 7
Parton matching threshold 6
Lepton selection 6
Trigger efficiency 5
b-tagging 5
Top-quark mass 4
Jet energy scale 4
Missing transverse energy resolution 3
Pileup modeling 3
Total 20

After applying all the criteria and adding all four channels, 3.1± 1.1 events are expected from
SM background processes and 1 event is observed in data. A 95% confidence level (CL) upper
limit on the branching fraction of the t→ Zq decay is determined using the modified frequen-
tist approach (CLs method [31, 32]). A summary of the observed and predicted yields and
limits are presented in Tables 2 and 4. The observed and expected 95% CL upper limits on the
branching fraction B(t→ Zq) are 0.06% and 0.10%, respectively.

These results are combined with the statistically-independent results of our previous search [7].
The systematic uncertainties on the signal efficiency estimation and the luminosity measure-
ments are taken as fully correlated. Since the background estimations are based on independent
samples, their systematic uncertainties are treated as uncorrelated, except for the uncertainties
on the top mass selection requirement due to the choice of PDF, which are also taken as fully
correlated. The combination with the 7 TeV b-tag analysis [7] gives a slightly lower expected
limit and hence is chosen as the reference result. The observed upper limit on B(t → Zq) is
0.05%, with a median expectation of 0.09%, and with 1σ and 2σ ranges which are 0.06–0.13%
and 0.05–0.18%, respectively. The derived limits and their uncertainties are shown in Table 4.

Table 4: Upper limits at a 95% CL for B(t → Zq), as obtained using the 8 TeV data with an in-
tegrated luminosity of 19.7 fb−1, and from the combination with previous CMS 7 TeV (5.0 fb−1)
data.

B(t→ Zq) 8 TeV 7 TeV + 8 TeV
Expected upper limit <0.10% <0.09%
Observed upper limit <0.06% <0.05%
1 σ boundary 0.06–0.13% 0.06–0.13%
2 σ boundary 0.05–0.20% 0.05–0.18%

In summary, a search for FCNC events in top-quark decays in tt events produced in proton-
proton collisions at

√
s = 8 TeV is presented. A sample of events with three leptons (e or µ) in
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the final state and compatible with leptonic decays of a Z and W boson is selected from data
recorded with the CMS detector and corresponding to an integrated luminosity of 19.7 fb−1.
No excess of events above the background is observed. Combining this result with a previous
search corresponding to an integrated luminosity of 5.0 fb−1 at

√
s = 7 TeV, excludes a t→ Zq

branching fraction greater than 0.05% at a confidence level of 95%. This limit is about four
times lower than the previous one and is approaching the enhanced FCNC branching fraction
predicted by certain SM extensions to be as large as O(10−4).
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RWTH Aachen University, III. Physikalisches Institut B, Aachen, Germany
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G. Barbaglia, V. Ciullia ,b, C. Civininia, R. D’Alessandroa,b, E. Focardia,b, E. Galloa, S. Gonzia ,b,
V. Goria,b, P. Lenzia ,b, M. Meschinia, S. Paolettia, G. Sguazzonia, A. Tropianoa,b

INFN Laboratori Nazionali di Frascati, Frascati, Italy
L. Benussi, S. Bianco, F. Fabbri, D. Piccolo

INFN Sezione di Genova a, Università di Genova b, Genova, Italy
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